Mycobacterium tuberculosis (M.tb), the causative agent of tuberculosis, is a major public health challenge facing the world. During infection, M.tb is deposited in the lung alveolar space where it comes in contact with the lung mucosa, known as alveolar lining fluid (ALF), an environment that M.tb encounters at different stages of the infection and disease. ALF is abundant in homeostatic and antimicrobial hydrolytic enzymes, also known as hydrolases. Here we demonstrate that ALF hydrolases, at their physiological concentrations and upon contact with M.tb, release M.tb cell envelope fragments into the milieu. These released fragments are bioactive, but non-cytotoxic, regulate the function of macrophages, and thus are capable of modulating the immune response contributing to the control of M.tb infection by human macrophages. Specifically, macrophages exposed to fragments derived from the exposure of M.tb to ALF were able to control the infection primarily by increasing phagosome-lysosome fusion and acidification events. This enhanced control was found to be dependent on fragment-induced interleukin-10 (IL-10) production but also involves the STAT3 signaling pathway in an IL-10-independent manner. Collectively our data indicate that M.tb fragments released upon contact with lung mucosa hydrolases participate in the host immune response to M.tb infection through innate immune modulation.
INTRODUCTION
Mycobacterium tuberculosis (M.tb) infection is a major public health concern in the world, causing 1.5 million deaths per year. 1 Although current efforts are directed at the development of new therapies and vaccines, there is still a lack of understanding for how the environment that M.tb encounters during its life cycle within the host can influence disease dynamics. 2 During airborne transmission, M.tb is deposited in the alveolar spaces of the lung where it is exposed to different environments. First, M.tb encounters the human lung alveolar space, where M.tb is modified by alveolar lining fluid (ALF) as we have described. 2, 3 Second, after being exposed to ALF, M.tb will encounter alveolar macrophages (AMs), which serve as an important reservoir for infection. 4, 5 In later stages of the infection, M.tb is found extracellular but contained within the granuloma (a cellular structure generated by the host to contain the infection). 5, 6 Finally, M.tb can escape the granuloma(s) and reside extracellularly within cavities where, under suboptimal drug therapy, it can become drug-resistant. 7 We have recently shown that human lung ALF contains a series of homeostatic and antimicrobial enzymes (called hydrolases). 8, 9 that alter the M.tb cell envelope resulting in modifications of the M.tb cell surface. 3 The most active enzymes present in healthy human ALF that we have shown to alter the cell wall of M.tb are alkaline (AlkP) and acid (AcP) phosphatases, and a nonspecific esterase (Est). 3 Our published studies demonstrate that even a short-term exposure to ALF hydrolases (15 min, a plausible time before M.tb contacts a host cell) results in a significant reduction of trehalose dimycolate (TDM) and mannose-capped lipoarabinomannan (ManLAM) on the M.tb cell envelope surface. 3 TDM and ManLAM are known M.tb virulence factors involved in M.tb intracellular survival. 10, 11 Importantly, these hydrolase-derived M.tb cell envelope surface modifications resulted in a differential recognition by, and altered trafficking and survival within, human phagocytes. 3 Here we have hypothesized that M.tb fragments released by the action of human ALF hydrolases are capable of directly influencing the host immune response during M.tb infection. Using different human ALFs, our results demonstrate that released M.tb cell envelope fragments induce homotypic cell aggregation, drive human macrophage function towards a type II macrophage phenotype, alter trafficking of phagosomes containing M.tb; and prime macrophages to better control M.tb infection through an increase of phagosome-lysosome fusion events in an interleukin-10 (IL-10)-dependent manner, and through the STAT3 pathway in an IL-10-independent manner. Collectively our data indicate that M.tb fragments released upon contact with human ALF participate in the clearance of infection via innate immune activation. This furthers our understanding of M.tb infection in humans and opens new avenues to enhance mucosal immunity for vaccine development.
RESULTS
Composition and bioactivity of M.tb fragments released by the action of hydrolases present in human ALF Exposure of M.tb to human ALF alters the M.tb cell envelope. 3 Here we show that in addition to M.tb cell wall modifications, exposure to ALF releases M.tb cell envelope fragments into the milieu in a consistent and reproducible manner. Using ALF from multiple healthy donors, or relevant in vivo concentrations of AlkP, AcP, and Est (the most abundant enzymes found in human ALF) 3 alone or in combination (Mix), we show a release of several proteins, peptides and traces of lipoglycans among other M.tb cell wall components ( Figure 1a ). Importantly, our results demonstrate reproducibility/ homogeneity in the fragments generated ( Figure 1b ). Our controls, 0.9% NaCl and b-glucosidase [b-Glc, a hydrolase detected in human ALF 3 that has no activity against the M.tb cell envelope] showed limited fragment release.
Carbohydrate and lipid composition analyses of released fragments showed that these were structurally composed of fatty acids and sugars typically present on the M.tb cell envelope (Figure 1c,d) . Arabinose (Ara), mannose (Man), and myo-Inositol (myo-Inos) are sugar constituents of M.tb virulence factors like ManLAM, LM, and PIMs (reviewed in ref. 2) . Glucose (Glc) is found in the M.tb cell envelope as trehalose constituting the polar groups of M.tb virulence factors such as sulfolipid-1 and TDM, 2 among others. The action of ALF hydrolases did not impair bacterial viability as assessed by the ability of M.tb to grow on agar plates (data not shown).
To address the capacity of M.tb cell envelope released fragments to stimulate innate immune cells, human macrophage monolayers (at 2.5 Â 10 5 ) were exposed to fragments corresponding to 5 Â 10 6 bacteria (multiplicity of exposure (MOE) of 20:1) at different time points. Clustering of macrophage monolayers exposed to ALF-M.tb cell envelope fragments was observed as early as 24 h post exposure (Figure 2a ). Controls (0.9% NaCl, fragments obtained from incubating M.tb with 0.9% NaCl (Figure 2a ) or physiological concentrations of human ALF 3 ) did not induce macrophage aggregation.
We assessed whether released fragments were able to stimulate cytokine release by macrophages exposed to different MOEs of fragments (5:1, 10:1, 20:1, and 40:1). Our results show that for all MOEs studied, released fragments were capable of inducing the secretion of significant amounts of tumor-necrosis factor (TNF; Figure 2b ). Using the same MOEs after 2 h, 12 h, and 24 h exposure, we also show that fragments did not induce cell death (apoptosis and/or necrosis; data not shown).
On the basis of our cytotoxicity and TNF results, we further assessed the production of other cytokines and chemokines implicated in M.tb pathogenesis using the MOE of 20:1. Results show that all M.tb cell envelope fragments induced significant secretion of TNF, IL-6, IL-10, granulocyte-colony stimulating factor (G-CSF), and CCL-5 ( Figure 2c ). Secretion of IL-12p40, IL-23p19, IL-27p28, IL-1b, TGFb, and CCL-2 were not detected or secretion was not significantly different when compared with controls (data not shown).
We established that the absence of IL-12p40 directly correlated with the ability of fragments to induce IL-10 secretion as neutralization of IL-10 led to a significant increase of IL-12p40 production in response to all fragments tested ( Figure 2d ). Although there is an established correlation amongst IL-12 family of cytokines and IL-12p40 production, 12 the levels of IL-12p40 induced by the fragments before or after IL-10 neutralization did not result in any alteration in the production of IL-23 (not shown) or IL-27 ( Figure 2d ).
As fragments generate high levels of TNF, IL-6, and IL-10, we further assessed whether production of these cytokines was via Toll-like receptor (TLR) signaling. WT, TLR2-KO, or TLR4-KO mouse cell lines were exposed to M.tb fragments at MOE 20:1. Our results indicate that TNF and IL-6 induced by fragments were TLR2 dependent. However, IL-10 was independent of both TLR2 and TLR4 (Supplementary Figure S1 online).
Using flow cytometry, we further determined that macrophages exposed to ALF-M.tb released fragments upregulate surface expression of complement receptor 4 (CR4) and the mannose receptor (MR); but not TLR2 (Figure 3a) , TLR4, or CR3 (the latter not shown). In addition, levels of CD86 on the macrophage surface did not change suggesting that released fragments may not alter Ag presentation (Figure 3a ). This was confirmed by assessing messenger RNA (mRNA) levels of CD86 and HLA-DR (Figure 3b , white vs. black bars in the presence of the isotype). Moreover, for ALF-M.tb-released fragments, the lack of macrophage activation was independent of IL-10 levels, as neutralizing IL-10 did not change the overall macrophage activation status ( Figure 3b , comparing black bars).
Effects of M.tb-released fragments on the association with and intracellular growth of virulent M.tb within macrophages
Previously, we demonstrated that ALF-induced alterations of the M.tb cell envelope drive the macrophage to better control M.tb infection. 3 Here we evaluated whether the presence of fragments further altered the capacity of the macrophage to control M.tb infection. We elected to add M.tb and fragments simultaneously as we envision this to be physiologically relevant in vivo. In their presence ( þ Frag), macrophages had a significant increased capacity to control ALF-exposed M.tb (ALF-M.tb) intracellular growth (Figure 4a Because fragments drive the secretion of several cytokines and growth factors implicated in controlling M.tb growth within macrophages, 5 we next assessed whether blocking them altered the capacity of macrophages to control M.tb infection. Our results show that control of ALF-M.tb infection is TNF, IL-6, and G-CSF independent, as their neutralization did not alter the capacity of macrophages to control better the infection in the presence of fragments ( Figure 4c ). Instead, and in contrast to published studies, 13 we determined that fragmentdriven control of ALF-M.tb infection is dependent on IL-10, as we observed a reversal of the enhanced control of M.tb infection when IL-10 was neutralized by Ab ( Figure 4c ). This was not observed in the control (0.9% NaCl exposed M.tb).
Importantly, although fragments increased the surface expression of CR4 and the MR (both phagocytic receptors to which M.tb binds) on the macrophage cell surface, this did not lead to altered recognition of M.tb by macrophages in the presence of fragments (Supplementary Figure S2) as we have previously shown for ALF-exposed M.tb, 3 and thus, the enhanced control of M.tb intracellular growth by macrophages in the presence of the fragments is not dependent on differences in M.tb association with macrophages.
Considering that ALF/hydrolase-exposed M.tb bacilli in the presence of their released fragments demonstrated reduced early intracellular growth in macrophages, we next evaluated whether phagocytosis of exposed bacilli in the presence of fragments resulted in altered intracellular trafficking. We incubated human macrophages with control M.tb (0.9% NaCl exposed M.tb) or with M.tb exposed to human ALF in the presence or absence of fragments, and assessed phagosomelysosome (P-L) fusion events for up to 2 h. Our results show that uptake of ALF-exposed M.tb in the presence of released fragments results in an increase in the overall level of P-L fusion events (B25%, CD63) and compartment acidification (B15%, Lyso-T; Figure 5a ). Importantly, we confirmed that the increased P-L fusion observed in response to ALF-exposed M.tb and fragments combined was driven by the presence of IL-10 ( Figure 5b ). This phenomenon was exclusively observed for ALF-exposed M.tb (black bars), where neutralizing IL-10 results in a decrease in P-L fusion events. In contrast and as published by others, control, NaCl-exposed M.tb (white bars), showed an increase in P-L fusion events when IL-10 was neutralized. In addition, the level of autophagy, an alternate cellular mechanism to control M.tb intracellular growth, was also increased to a small extent (B10%, LC-3; Figure 5a ). However, of those autophagosomes observed, only B30% were acidified ( Figure 5c ). Thus, the small increase in autophagy does not explain the increased M.tb control observed.
Macrophage control of ALF-exposed M.tb in the presence of fragments was partially dependent on IL-10 induced by the fragments. As fragments also induced the production of IL-6 and G-CSF, which together with IL-10 activate the same signaling pathway (STAT3), we further assessed whether the enhanced control of ALF-exposed M.tb in the presence of Figure 2 Cytokine and chemokine production induced by macrophages exposed to M.tb cell wall fragments. (a) Macrophages exposed to M.tb cell wall fragments trigger cell aggregation. Human macrophage monolayers were exposed to fragments ( þ F) or controls ( À F) for 24 h at 37 1C, 5% CO 2 . Monolayers exposed to human ALF developed cell aggregations. Aggregations were observed as early as 12 h (data not shown) and increased in number and size through 240 h until the monolayer lost integrity. Fragments obtained upon M.tb exposure to 0.9% NaCl or exposure to b-Glc (not shown) served as controls. (b) TNF production by human macrophages exposed to fragments at different multiplicity of exposure (MOE). Human macrophages were exposed to fragments ( þ F) or controls ( À F) at different MOE. A representative (M ± s.d.) experiment in triplicate of n ¼ 3 is shown. Student's t-test was used to compare fragments generated by M.tb exposure to ALF with fragments generated by M.tb exposure to NaCl, ***Po0.0005. C: LPS (positive control), M: Media (background). (c) Human macrophage monolayers were exposed to M.tb cell wall fragments at an MOE of 20:1 for 12 h, 37 1C, 5% CO 2 , and cytokine and chemokine secretion was measured from cell supernatants by ELISA; between n ¼ 4 and 9 experiments were performed depending of the measured immune component in triplicate. (d) IL-12p40 and IL-27 secretion in the absence [( À ) isotype control] or presence ( þ ) of anti-IL-10 neutralizing antibody (n ¼ 3). In (c/d), shown M ± s.e.m., Student's t-test was used to compare the immune response induced by fragments generated by M.tb exposure to ALF with fragments generated by M.tb exposure to NaCl in the absence (*Po0.05; **Po0.005; ***Po0.0005) or in the presence of anti-IL-10 Ab ( yy Po0.005). NaCl-Frag [N]; ALF-Frag [A]. For each 'n' value, both ALF and macrophages were obtained from different human donors. ALF, alveolar lining fluid; IL, interleukin; TNF, tumor-necrosis factor. fragments is dependent on the phosphorylation/activation of STAT3. Results show that ALF-exposed M.tb in the presence of fragments leads to a decrease in pSTAT3 and an increase in NF-kBp65 (Figure 6a,b) . These changes were IL-10 independent. Complete inhibition of STAT3 and/or NF-kB further enhanced the control of M.tb by macrophages over that seen for ALF-M.tb in the presence of fragments ( Figure 6c ).
We also determined whether ALF-exposed M.tb-released fragments could stimulate macrophages to produce reactive oxygen intermediates as another mechanism to explain the limited M.tb growth observed. Macrophages were exposed to fragments and the assembly of the NADPH oxidase complex was assessed by measuring phosphorylation (P) of the cytosolic subunit p40 phox . Our results showed no difference in the levels of P-p40 phox induced by ALF-or Mix-fragments when compared with NaCl fragments (Supplementary Figure  S3A ). This lack of difference was further confirmed by flow cytometry, directly measuring the formation of superoxide induced by fragments ( Supplementary Figure S3B ). Inducible nitric oxide synthase (iNOS), which produces the metastable free radical nitric oxide, is also involved in the killing of M.tb; 14 however, our results showed that fragments did not induce iNOS (Supplementary Figure S3C ). Finally, similar to the results obtained with macrophages exposed to fragments, we determined that ALF-exposed M.tb infection in the presence of fragments do not induce apoptosis/necrosis (data not shown). These results rule out the contribution of macrophage death in the enhanced control of ALF-M.tb infection.
Overall, our results indicate that the enhanced intracellular control of M.tb growth by macrophages in the presence of fragments is independent of the oxidative response, and largely dependent on IL-10-mediated increase in P-L fusion. Downregulation of pSTAT3 and upregulation of NF-kBp65 also contributes to increased control of M.tb growth in an IL-10-independent manner.
DISCUSSION
The TB field has elucidated and targeted numerous released/ secreted antigens and structural motifs of the M.tb cell envelope that are considered critical in triggering host immune responses during M.tb infection. 5, 15 Although these studies are important, there has been little consideration that homeostatic enzymes present in human lung ALF can alter the properties of the M.tb cell envelope during infection. In this study, we have extended our previous work 3 and evaluated the impact of released M.tb fragments by the action of ALF hydrolases on human macrophages in vitro. Our results indicate that ALF-released M.tb fragments are bioactive and thus, capable of influencing macrophage function before they encounter M.tb. This scenario is something that, to our knowledge, has not been previously considered or described. Importantly, although ALF-released M.tb fragments did not alter the ability of macrophages to recognize ALF-exposed M.tb, released fragments significantly increased the ability of macrophages to control M.tb (increased phagolysosome fusion/acidification and subsequent decreased growth). Interestingly, the enhanced control of ALF-exposed M.tb by macrophages was not mediated by TNF, IL-6, or G-CSF, but instead was mediated by the presence of IL-10 induced by fragments and the transcription factors STAT3/NF-kB.
In contrast to our findings, IL-10 has previously been shown to block phagolysosome maturation, thus facilitating M.tb intracellular growth. 13 Our results challenge this concept, as neutralizing IL-10 induced by fragments led to decreased phagolysosomal maturation of ALF-exposed M.tb. Therefore, the IL-10 levels generated by the presence of ALF-exposed M.tb fragments are responsible (directly or indirectly) for orchestrating macrophage-mediated control of ALF-exposed M.tb and intracellular growth in human macrophages in vitro. IL-10 has been shown both in vivo and in vitro to be detrimental in controlling M.tb infection, although these studies were performed without considering the impact of the lung mucosa on the M.tb cell wall. Polymorphisms in the IL-10 gene in humans have also been associated with increased susceptibility to TB, and several IL-10-deficient mouse studies have shown a long-term detrimental role of IL-10 in mycobacterial infections. 16 However, mouse studies have not dissected the very first encounter of M.tb with host cells, where differences may be reflected in our findings. In the present study, we focused on Figure 4 Effects of ALF on M.tb intracellular survival in human macrophages. M.tb bacilli were exposed to 0.9% NaCl (control), Mix, or ALF at relevant in vivo concentrations. Macrophages were infected at a MOI 1:1 with exposed M.tb in the absence or presence of fragments and in the absence or presence of anti-TNF, anti-IL-10, anti-IL-6 or anti-G-CSF neutralizing Abs. Intact macrophage monolayers were verified by inverted phase microscopy throughout the infection period. M.tb survival was determined by colony-forming units (CFUs) at the indicated intervals. determining how alterations that are induced by the human lung mucosa on the M.tb cell wall influence the interaction of macrophages and ALF-M.tb. We demonstrate that macrophages can better control ALF-M.tb infection, and macrophages lose this ability only when IL-10 induced by the fragments is blocked. Adding exogenous IL-10 (mimicking the effects of fragments) to assess whether we could artificially reproduce the effect of IL-10 did not enhance the better control of ALF-M.tb by macrophages ( Supplementary Figure S4) . This could be explained by the complexities of fragments-M.tbcell interactions, as well as by the timing and location of IL-10-IL-10R binding. Thus, IL-10 neutralization is the optimal way to evaluate the role of IL-10 in this instance.
Blocking IL-6 or G-CSF did not change (or increased to a small extent in some cases) the capacity of macrophages to control the infection. This phenomenon was only observed in ALF-exposed M.tb, indicating that ALF-induced changes to the M.tb cell wall are responsible for the phenotype. In addition, we assessed whether the potential effects of M.tb-fragments could trigger a change in macrophage phenotype and function before and after uptake of M.tb. Although we determined that fragments could alter the macrophage cell surface expression of several pattern recognition receptors involved in M.tb pathogenesis, 15 these differences did not alter M.tb association with macrophages (likely as a result of decreased presence of M.tb ligands following ALF exposure 3 ), nor alter expression of important proteins involved in Ag presentation. In support of our findings that indicate a partial role for IL-10 in the capacity of the macrophage to better control the growth of ALF-M.tb, in vivo studies using Il10 À / À mice highlight different outcomes for a variety of intracellular infections; where in some instances, the absence of IL-10 can promote the propagation of infection. [16] [17] [18] [19] On the basis of our overall data, we reason that the macrophage IL-10-dependent mechanism of M.tb ; Student's t-test was used to compare ALF exposed M.tb with NaCl exposed M.tb (control) in the presence of fragments, *Po0.05; **Po0.005; ***Po0.0005. (b) P-L fusion was quantified in the presence of anti-IL-10 neutralizing Ab. Student's t-test was used to compare ALF exposed M.tb with NaCl-exposed M.tb (control) in the presence of fragments, *Po0.05 (between white bars), yy Po0.005 (between white and black bars under the same condition). (c) Shown are merged images where LC-3 positive compartments are red, V 0 H þ ATPAse compartments are blue, and those co-localized are yellow. Student's t-test was used to compare Mix or ALF exposed M.tb with NaCl-exposed M.tb (control) in the presence of fragments, *Po0.05. For each 'n' value, both ALF and macrophages were obtained from different human donors. ALF, alveolar lining fluid; IL, interleukin.
control could be linked to regulation of IL-12 cytokine family members (i.e., IL-12, IL-27). However, although the IL-12 cytokine family can regulate phagolysosome fusion and acidification in human macrophages, 20 fragments did not induce these cytokines at detectable levels, and only induced IL-12p40 production after IL-10 was neutralized. Low production of IL-27 triggered by the fragments could add to the phenomenon observed, as low levels of IL-27 can generate a pro-inflammatory cytokine storm that can assist in the initial control of the infection. 20, 21 On the basis of our results, we conclude that IL-10 levels may define the initial balance towards M.tb intracellular killing or survival within macrophages, where IL-10 (in combination with other fragment induced cytokines) may direct a delicate equilibrium between suppressing and/or activating macrophage intracellular killing mechanisms via STAT3 and/or NF-kB phosphorylation that may determine the establishment of M.tb infection. In this regard, we have determined that macrophages exposed to M.tb-released fragments behave differently, thus indicating a change in macrophage functional capacity. This is in agreement with published studies showing that inhibition of STAT3 enhances phagosome maturation using M.tb H 37 R a and PMA-differentiated THP-1 cells. 13 Macrophages have been defined as classically activated, alternatively activated or a type II-activated phenotype. 22 Classically activated macrophages are induced by microbial products and support a Th1 immune response. Conversely, macrophages become immunosuppressive after being alternatively activated by IL-4. Type II-activated macrophages also act as an anti-inflammatory cell, preferentially inducing a Th2 immune response after their initial activation in a Th1-type environment. 22 In type-II macrophages, IL-12p40 is reduced and the IL-10 immunomodulatory cytokine is increased. We observed that fragments induced macrophage secretion of IL-10, but also induced secretion of significant amounts of TNF and IL-6 (but not IL-12p40 and CCL-2), thus driving a characteristic cytokine/chemokine profile akin to type IIactivated macrophages. 22 In this regard, fragments were also able to induce IL-12p40 production but only after IL-10 neutralization, 23, 24 driving a cytokine profile more consistent with classically activated macrophages. 22, 25 Thus, the presence of fragments in the lung may change the macrophage phenotype and function favoring the conversion from an alternative activated to a type II (or IL-10 driven) phenotype. 26 This change could impact how the macrophage responds during long-term M.tb infection. Further studies are in progress to test this hypothesis.
ALF-released M.tb fragments contain sugar and fatty acids related to cell wall components that we have previously shown to be significantly reduced on the cell envelope surface of ALFexposed M.tb (i.e., ManLAM, TDM). 3 Although we observed that ALF-released M.tb fragments do not induce macrophage apoptosis/necrosis before or during infection (data not shown), they induce significant secretion of TNF, IL-6, IL-10, G-CSF, Figure 6 Effects of ALF on macrophage STAT3 and NF-kB activation. Following infections as described in Figure 4 , lysates from ALF-M.tb [A] or NaCl-M.tb [N] infected macrophages in the presence of their respective fragments were obtained. (a) Representative western blots show that ALF-exposed M.tb in the presence of fragments decreased the activation of STAT3 signaling pathway and increased NF-kB activation. This was not an interleukin-10 (IL-10) dependent mechanism. U: uninfected; N and A: NaCl-or ALF-exposed M.tb in the presence of fragments, respectively. (b) Densitometry analysis of n ¼ 3 showing phosphorylated STAT3 and NF-kB vs. Actin ratios. Student's t-test was used to compare ALF-exposed M.tb with NaCl-exposed M.tb (control) in the presence of fragments, yy Po0.005 (between white and black bars under the same condition). (c) Inhibition of STAT3 and NF-kB both allowed macrophages a further enhanced control of ALF-M.tb infection in the presence of fragments. Student's t-test was used to compare ALF-exposed M.tb infection in the presence of fragments in the absence or presence of inhibitors, **Po0.005. For each 'n' value, both ALF and macrophages were obtained from different human donors. ALF, alveolar lining fluid; a.u., arbitrary unit. and the chemoattractant CCL-5 (RANTES) but not IL-12p40, IL-23, IL-27, IL-1b, and the inflammatory chemokine CCL-2 (MCP-1). The production of TNF and IL-6 by these fragments was in part TLR2, but not TLR4, dependent. However, the production of IL-10 was independent of both TLR2 and TLR4. In this regard, the increased expression of the MR observed on the cell surface of macrophages exposed to ALF-M.tb-released fragments could implicate a MR-specific signaling pathway triggering IL-10 production. 5 The lack of CCL-2 production by fragments rules out the role of this chemokine in the observed inhibition of IL12p40 production. 27 The induction of CCL-5 (maintained at least for 96 h after infection in vitro (data not shown)) but not CCL-2 may explain the macrophage aggregation induced by fragments. In this regard, CCL-5 has been shown to directly participate in monocyte/macrophage/T cell activation resulting in greater cell aggregation 28 and is also significantly expressed in granulomatous tissue, 29, 30 the latter a phenomenon that TNF, IL-1b, or IL-6 cannot induce alone. 28 The production of TNF, IL-6, and CCL-5 is also observed in macrophage cultures that had been exposed to fragments obtained after exposure of M.tb to ALF for a short time (i.e., 15 min; data not shown).
TNF also downregulates IL-12p40 production, 31 and thus could also be implicated in a direct negative feedback mechanism, perhaps by regulating IL-12p40/IL-27 pathways to induce anti-mycobacterial activity. However, our data support the paradigm that after M.tb is exposed to ALF, the control of M.tb intracellular growth by macrophages is regulated in a TNF-independent manner. Thus, the high TNF production observed could not explain the enhancement of P-L fusion events (between 10 and 20% increased), a bacterial killing mechanism that can also be enhanced upon macrophage autocrine secretion of TNF. 32 P-L fusion alone accounts for the B0.9 log 10 reduction in M.tb intracellular growth in macrophages exposed to released fragments. Thus, increased P-L fusion does not solely explain why neutralization of TNF fails to reverse the control of ALF-exposed M.tb growth within macrophages, a phenomenon that is independent of the presence or absence of fragments.
If we look at the overall effect of ALF hydrolases on the M.tb cell wall, our results indicate that the basal environmental state of the human lung has a significant impact on M.tb infection, where ALF hydrolase-derived modifications of the M.tb cell wall plus the effects of the released fragments on host cells allows the human macrophage to better control M.tb growth in vitro (i.e., an B1.65 log 10 reduction observed for ALFexposed M.tb plus fragments when compared with 0.9% NaClexposed M.tb). However, exposure to fragments also triggers the formation of autophagosomes, of which only B30% were acidified; suggesting that exposure to fragments may also favor the formation of autophagosomes as a potential niche for M.tb intracellular survival in macrophages.
Although fragments induced significant amounts of TNF, this high TNF production did not generate the extracellular release or intracellular production of NOIs and reactive oxygen intermediates, or induce macrophage death by apoptosis. 5 An explanation could be that the production of IL-10, IL-6, and G-CSF induced by fragments contribute inhibiting the oxidative response. 16, 33 Any differences observed between host cells in the presence or absence of fragments during M.tb infection indicate a direct involvement of the alveolar hydrolase generated fragments on the capacity of alveolar resident cells to control M.tb infection. We observed that the presence of fragments alone did not further influence the macrophage capacity of recognizing and binding M.tb, regardless of whether macrophages were preexposed to fragments for short (30 min) or long (720 min) periods of time, or at the same time of infection. However, the presence of fragments provided an additive effect on the control of intracellular growth of M.tb within human macrophages. Thus, although released fragments do not impact M.tbmacrophage recognition, they could regulate the function of macrophages by lifting the block to phagosome maturation, which explains the enhancement of P-L fusion events that we observed in the presence of fragments. Phagosome maturation has been related to the presence of pro-inflammatory cytokines activating the macrophage. 34 Phagosome maturation, however, is suppressed in macrophages capable of producing IL-10. [34] [35] [36] As released fragments induce both pro-inflammatory cytokines (TNF, IL-6) and the immunomodulator IL-10, a balance in their production ratio towards TNF/IL-6 may explain the small but significant increase in phagosome maturation observed in the presence of fragments.
In summary, our studies indicate that pulmonary ALF hydrolases can alter the outcome of infection. A role for ALF hydrolases is plausible. Healthy people are estimated to have approximately 8-12 AMs per alveolar sac and, 37, 38 in this scenario, we believe that M.tb will remain submerged within the ALF hypophase for some time and thus be in contact with ALF hydrolases as well as other ALF components. 39 We predict that the action of human lung hydrolases on the M.tb cell envelope results in the exposure of modified surface molecules 3 and released cell wall fragments whose impact on the host cell has not yet been appreciated. A link between the level of macrophage activation and M.tb intracellular survival has been suggested in the past; 5 however, how these events connect with the specific nature of the lung environment, influencing host-pathogen crosstalk and the outcome of M.tb infection, is still unknown. Our current studies will address how human lung hydrolase effects on the M.tb cell wall affect the course of infection in vivo. Chemical reagents, antibodies, and cell lines. All chemical reagents were of the highest grade from Sigma-Aldrich (St. Louis, MO) unless otherwise specified. For specific reagent information, refer to Supplementary Material online.
Growth conditions of M.tb. GFP-M.tb Erdman (provided by Dr Horwitz, UCLA) strain was grown as we previously described. 3 Human ALF isolation. ALF was obtained from human bronchoalveolar lavage fluid as we previously described. 3 See Supplementary Material online for details. ALF (defined in this study as bronchoalveolar lavage fluid 410 KDa fraction) was frozen at À 80 1C until use.
Hydrolase and ALF exposure of M.tb and production of M.tbreleased fragments. M.tb exposure to human ALF or hydrolases was performed as we have previously described. 3 Briefly, single-cell suspensions of M.tb (1 Â 10 8 ) were incubated for 12 h, 37 1C, 5% CO 2 with 0.9% NaCl (control), human ALF in 0.9% NaCl or with a hydrolase mixture (Mix) in 0.9% NaCl containing the most bioactive hydrolases in human ALF. 3 After incubation, bacilli were gently centrifuged and the supernatant containing released fragments filtersterilized for immediate use. The bacilli were washed, and suspended in RPMI containing 2.5% human serum albumin (HSA) and 20 mM HEPES immediately before infection. The infections were performed using M.tb counted in a Petroff Hauser chamber. The fragments in 0.9% NaCl were diluted at a different MOE before use. MOE is defined as the ratio of fragments being released from a given number of M.tb bacilli relative to the number of human macrophages on a monolayer, i.e., MOE 5:1 is defined as 2.0 Â 10 5 macrophages exposed to fragments derived from 1.0 Â 10 6 M.tb bacilli. For all the experiments, exposed M.tb and/or their released fragments were freshly made. In all the studies, each 'n' value was obtained using fragments derived from using a different human ALF.
SDS-PAGE, monosaccharide, and fatty acid composition of released fragments. These experiments were performed as we described. 40 See Supplementary Material online for details.
Isolation and preparation of human macrophages. Monocytederived macrophage monolayers for microscopy and colony-forming units (CFUs) were prepared from healthy tuberculin-negative human volunteers as previously described. 41 Cytokine/chemokine levels induced by released fragments.
Macrophage monolayers were exposed to released fragments at a MOE of 5:1, 10:1, 20:1, and 40:1, and TNF secretion was determined by ELISA per the manufacturer's instructions. Cytokine/chemokine/ growth-factor secretions were determined by ELISA from supernatants obtained from macrophages exposed to a MOE 20:1. For some cytokines, the levels were determined from macrophages exposed to fragments in the presence of anti-IL10-neutralizing Ab (at 100 ng ml À 1 495% neutralization) or isotype control (at 100 ng ml À 1 ). For some experiments, macrophage cell lines derived from WT, TLR2-KO, and TLR4-KO mice were used to assess the dependency on TLRs for the fragments to induce production of cytokines under the same experimental conditions as described above.
Macrophage activation status and cytotoxic effects. Day 5 peripheral blood mononuclear cells (containing B10% macrophages) were exposed to released fragments and controls (0.9% NaCl or human ALF alone) at different MOEs for up to 12 h. Surface expression of the MR, CR4, CR3, TLR2, and TLR4, and macrophage activation marker CD86 was assessed by flow cytometry gating on macrophages by size using MOE of 20:1. CD86 and HLA-DR mRNA was obtained after 3 h exposure to fragments and analyzed by quantitative PCR as described. 42 Cell death induction by fragments alone or during infection was also determined by flow cytometry using a commercially available kit (BD Biosciences, San Jose, CA, #559763). In all the cases X10,000 cells were counted. The samples were analyzed on a BD FACSCanto II and data were analyzed using BD FACS Diva software.
Assay of ALF exposed M.tb association with macrophages in the presence or absence of released fragments. See Supplementary Material online for details.
CFU analyses of ALF component exposed M.tb in the presence or absence of released fragments. For CFU experiments, 12-day-old macrophage monolayers were washed and infected with ALF component exposed M.tb bacilli (MOI (multiplicity of infection) 1:1, triplicate wells) with or without fragments and CFUs determined as previously described. 43 For some experiments, macrophages were preincubated with anti-TNF-neutralizing Ab (100 ng ml À 1 ), anti-IL-10neutralizing Ab (100 ng ml À 1 ), anti-IL-6-neutralizing Ab (4.5 ng ml À 1 ), G-CSF-neutralizing Ab (100 ng ml À 1 ), or their respective isotype controls at their respective concentrations for 30 min and maintained throughout the course of M.tb infection. For some experiments, macrophages were pre-incubated for 30 min with STAT3 (at 25.75 mg ml À 1 ) or NF-kB (at 5 mM) inhibitors, or recombinant cytokines/growth factors at half, equal, or two times the levels induced by the fragments (IL-6 (at 25, 50, and 100 pg ml À 1 ), IL-10 (at 350, 700, 1,400 pg ml À 1 ), and G-CSF (at 125, 250, 500 pg ml À 1 ) and maintained throughout the course of the infection. CFUs were determined after 21 days of growth.
Phagosome-lysosome fusion of M.tb-containing phagosomes and autophagosome formation. Experiments were performed as we previously described, 10 and as described in detail in the Supplementary Material online.
STAT3 and NF-kB activation induced by fragments and M.tb infection. Following 2 h infection, the collected samples were lysed in radioimmunoprecipitation assay buffer containing 0.25% SDS as described. 44 See Supplementary Material online for details.
Oxidative response generated by macrophages exposed to fragments. The ability of fragments to activate the NADPH oxidase complex and subsequent generation of ROS; and iNOS gene expression indicative of production of NOS was assessed as described. 45, 46 See Supplementary Material online for details.
Statistical analysis. Prism software (GraphPad) was used to determine the statistical significance of differences in the means of experimental groups by unpaired, two-tailed Student's t-test. The overall data were compared by one-way analysis of variance followed by Tukey's multiple comparison tests of the means. The P values of less than 0.05 were considered significant (* ,#,y Po0.05, ** ,##,yy Po0.005; *** ,###,yyy Po0.0005).
SUPPLEMENTARY MATERIAL is linked to the online version of the paper at http://www.nature.com/mi
